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esponsibility of ChinAbstract A composite-hydroxide mediated method was employed to synthesize barium manganite
nanorods. Diameter, surface smoothness and uniformity of these nanorods were optimized by varying
reaction temperature and reaction time. The rods with an average diameter of 200 nm and length of
1–1.5 μm were obtained at optimum conditions of 200 1C/48 h. The dielectric study of these rods reveals
that they have higher value of dielectric constant at lower frequencies which was attributed to the
interfacial and rotational type polarizations. Similarly, the increase in dielectric constant with temperature
was attributed to the thermal activation of such polarizations. Furthermore, the analysis of ln(J) vs. E1/2
characteristics in the temperature range of 300–400 K shows that possible operative conduction
mechanism was of Poole–Frenkel type. The value of βexp was found to be 4.85 times greater than the
expected theoretical value of ﬁeld lowering coefﬁcient with an internal ﬁeld enhancement factor of
α2¼23.5. This high value of βexp may be due to some localized electric ﬁelds existing inside the sample.
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ese Materials Research Society.1. Introduction
Due to versatile structural and physical properties, complex oxides
of type (ABO3) have found great importance in many ﬁelds of
material sciences, earth sciences and nanotechnology [1,2]. These
oxides are chemically and thermally stable at high temperatures.
Due to their distinct electrical and magnetic properties [3–9], these
oxides have been found to have important applications as gasg by Elsevier B.V. All rights reserved.
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cells [15–18], high permittivity materials [19] and bio-markers
[20] etc. As a member of the perovskite family, barium manganite
has temperature dependant oxygen deﬁcit phases. Structurally and
morphologically this material has been widely explored in bulk
form. In 1971, Negas et al. [21] have explored the structural
relationships and phase equilibria in BaMnO3−x system. Micro-
structural characterizations of this material have been performed in
details by Parras et al. [22] and Gonzalez-Calbet et al. [23].
Iwakun et al. [12] have studied the NO direct decomposition into
N2 and O2 using the effects of different dopants at Ba and/or Mn
lattice sites in BaMnO3 crystal structure. They observed high NO
decomposition activity by 20% doping of La and Mg at Ba and
Mn sites respectively, in this material. Due to larger ionic radii of
Ba+2, BaMnO3 phase adopts the hexagonal perovskite structure.
Rondinelli et al. [24] have studied the ﬁrst-principles density-
functional theory (DFT) by assuming a hypothetical cubic
perovskite structure of BaMnO3. They predicted that through
strain or chemical manipulation a ferroelectric ground state can be
established artiﬁcially in BaMnO3. Recently, the room temperature
structural and ferroelectric behaviors of 2H–BaMnO3 have been
explored by Satapathy et al. [25]. According to their ﬁndings, the
crystal structure of 2H–BaMnO3 is noncentrosymmetric. They
investigated that the week relaxor behavior in 2H–BaMnO3 is due
to the presence of a small fraction of Mn+3 ions which results in
the off centering of Mn+4 ions in the unit cell and produces
disorder in the lattice.
At nanoscale, manganites are expected to exhibit excellent
physical and chemical properties due to different morphology and
additional surface effects as compared to their bulk counterparts.
Recently, nanostructures of pure and doped barium manganite
have been synthesized by different techniques. Querejeta et al. [26]
have synthesized different sized BaMnO3 nanoparticles at different
experimental conditions particularly at various concentrations of
KOH and autoclave ﬁlling volume using the hydrothermal (HT)
technique. A composite-hydroxide mediated (CHM) method was
used by Wang et al. [10] and single crystalline BaMnO3 nanorods
were synthesized. They have reported that BaMnO3 nanorods
display n-type semiconductor behavior. They investigated that
BaMnO3 nanorods exhibit high gas sensitivity due to the smaller
size and higher speciﬁc surface area of nanorods. According to
their work BaMnO3 nanorods can be used as O2 sensors for
practical applications.
This article demonstrates optimization of BaMnO3 nanorods via
a composite-hydroxide mediated method in order to control the
size and quality of these nanorods with respect to different reaction
temperatures and reaction times. Characterization part of this
article illustrates the dielectric properties and investigation of
direct current (DC) transport mechanism in BaMnO3 pellet
consisting of nanorods.Table 1 Different reaction temperatures and reaction times used for
S. no. Reaction temperature (1C) Reaction time
1 180 24
2 190 24
3 200 24
4 220 24
5 230 242. Experimental
2.1. Synthesis of BaMnO3 nanorods
BaMnO3 nanorods were synthesized using a composite-hydroxide
mediated (CHM) method. The starting chemicals for this experiment
were BaCl2  2H2O (RDH, 99.5%), MnO2 (RDH, purity486%),
KOH (RDH, purity485%) and NaOH (RDH, purity499%). The
detailed synthesis process of BaMnO3 nanorods using the composite-
hydroxide mediated method can be found elsewhere [27]. In the
present study, a number of BaMnO3 powder samples were prepared
at different reaction temperatures (such as 180 1C, 190 1C, 200 1C,
220 1C and 230 1C) for different reaction times (such as 24 h, 48 h
and 72 h).2.2. BaMnO3 nanorods optimization
Various experiments were carried out to optimize the size and quality
of the BaMnO3 nanorods. In these experiments two parameters were
varied i.e., reaction temperature and reaction time. Summary of the
experiments performed is presented in Table 1. Fig. 1 shows the
morphological effect of different reaction times and reaction tem-
peratures on the morphology of BaMnO3 nanorods. Effect of reaction
time, keeping reaction temperature constant at 180 1C, is illustrated in
Fig. 1(a–c). Both nanoparticles and nanorods were observed at
reaction temperature of 180 1C and reaction time of 24 h, while by
increasing the reaction time only to 48 h the nanoparticles were
observed to elongate in one dimension in the form of nanorods.
However, by further increasing the reaction time to 72 h, no particles
were formed. The surfaces of these nanorods obtained at 72 h
reaction time were more smooth; however, the diameters of nanorods
were not uniform as shown in Fig. 1(c).
Fig. 1(b, d and e) shows the effect of reaction temperature on the
morphology of BaMnO3 nanorods at a ﬁxed reaction time of 48 h.
At low reaction temperature of 180 1C (as shown in Fig. 1(b)),
nanoparticles were elongated in nanorods shape and no particle type
morphology was observed. However, the length and diameter of
these nanorods were not uniform. At constant reaction time when
the reaction temperature was increased to 200 1C the particles were
found to elongate more quickly in nanorods nature and highly
uniform nanorods were formed with no formation of nanoparticles
as shown in Fig. 1(d). By further increasing the reaction temperature
to 220 1C (as shown in Fig. 1(e)), nanorods were observed to
increase in length and diameter. Therefore, the sample prepared at
optimum conditions of 200 1C/48 h was selected for further
characterization. Fig. 1(f) shows the EDX pattern of the sample
prepared at optimum conditions, as shown in Fig. 1(d). All peaks in
the EDX pattern correspond to Ba, Mn and O, which indicates the
formation of pure compound with no impurity.optimization of BaMnO3 nanorods employing CHM approach.
(h) Reaction time (h) Reaction time (h)
48 72
48 72
48 72
48 72
48 72
Fig. 1 Scanning electron micrographs (SEM) of BaMnO3 powder showing the effect of reaction temperature and reaction time on nanorod's
morphology at (a) 180 1C/24 h, (b) 180 1C/48 h, (c) 180 1C/72 h, (d) 200 1C/48 h, (e) 220 1C/48 h and (f) EDX pattern of sample in Fig. 1(d).
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The synthesized BaMnO3 powders, consisting of nanorods, were
pressed in cylindrical pellets (of diameter 10 mm and thickness
∼1 mm) using a uniaxial steel die under a constant load of
∼5 tones. One pellet was left un-sintered and named green pellet
while other pellets were sintered at different sintering temperatures
ranging from 200 to 800 1C with a step of 100 1C. A constant
dwell time of 8 h was maintained for each sintering temperature in
a controlled programmable furnace in the air atmosphere. The
heating and cooling ramp rates of furnace were kept constant at
5 1C/min. Copper wires were connected to both cross-sectional
surfaces of each pellet with silver (Ag) paste fallowed by a heating
process at 150 1C/40 min to avoid water contents.2.4. Characterizations
BaMnO3 sample prepared at a reaction temperature of 200 1C for
the reaction time of 48 h was selected and characterized for
structural, morphological and electrical properties. Structural and
morphological characterizations of as synthesized BaMnO3nanorods powders as well as pellets were performed using X-ray
diffractometer (XRD), Bruker D8 Discover equipped with CuKα1
radiation and scanning electron microscope (SEM) JSM-5910
JEOL, Japan. XRD data were collected from 2θ¼101 to 701 at
room temperature with a step size rate of 0.051/2 s. For dielectric
analysis real and imaginary components of impedance (using
impedance spectroscopy) were measured using an Agilent E4980A
LCR meter. Both the frequency and temperature were varied from
200 Hz to 2 MHz and 300 to 400 K respectively. The relative
dielectric constant (generally called the dielectric constant of the
sample) was then calculated using the following equation [28]:
εr ¼
Z″
ðωCojZnj2Þ
ð1Þ
where ω¼2πf is the angular frequency, Z* is the complex
impedance and Z″ is the imaginary part of the complex impedance.
Co (¼εoA/d) is the capacitance, where “A” is the cross-sectional
area, d is the thickness of the pellet and εo is the permittivity of
free space.
In case of current–voltage (IV) characteristic the steady state
current (I) was recorded by applying a DC voltage (ranging
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using a Keithley 2400 SourceMeter.3. Results and discussion
3.1. X-ray diffraction
For the crystallographic study of BaMnO3 samples, X-ray diffrac-
tion analysis was performed on the as synthesized powder and on
the pellet sintered at 600 1C. Fig. 2(a, b and c) shows the XRD
pattern of as synthesized BaMnO3 powder, sintered pellet and
standard pattern of BaMnO3 (2H) respectively. The peaks of as
synthesized and sintered samples match well with the standard
XRD pattern (Fig. 2(c)). It is clear from the comparison of XRD
pattern of as synthesized sample and sintered sample that for the
sintered sample the width of the peaks was decreased and its
sharpness was increased, compared to the as synthesized sample.
This could be due to the increase in grain growth as a result of
nanorods surface modiﬁcation by increasing sintering temperature
of the pellet. All peaks in the XRD pattern, in Fig. 2(b), were
indexed with space group P63/mmc, (JCPDS card no. 26-0168).
3.2. Scanning electron microscopy
Fig. 3 illustrates SEM micrographs of the sample synthesized at
the optimum reaction temperature and time i.e., 200 1C and 48 h.
Fig. 3(a) shows the micrograph of the powder, while Fig. 3(b–e)
illustrates the cross-sectional view of green pellet and pellets
sintered at 300, 600 and 800 1C correspondingly to compare the
effect of sintering temperature on morphology of the BaMnO3
nanorods.
Fig. 3(a) describes the smooth surface within average diameter of
∼200 nm and length in the range of 1–1.5 μm of BaMnO3 nanorods.
Fig. 3(b) shows the cross-sectional view of the green pellet where the
BaMnO3 nanorods were compressed together in more compact form
(due to application of high load). However, by increasing the
sintering temperature to 300 1C the compaction of nanorods in the
pellet was increased (as shown in Fig. 3(c)) while by further
increasing of the sintering temperature to 600 1C, the compaction
of the pellet was further increased (as shown in Fig. 3(d)). ThisFig. 2 X-ray diffraction patterns of (a) BaMnO3 powder, (b) cross-
sectional view of pellet sintered at 600 1C, and (c) standard pattern of
2H–BaMnO3 of JCPDS card no. 26-0168.compaction may be due to increase in surface contacts as a result of
grain size growth. When the sintering temperature of pellet was
further increased to 800 1C the rods morphology was found to be
destroyed completely as shown in Fig. 3(e). This may be due to high
temperature spheroidization. Therefore, in this study, BaMnO3 pellet
sintered at 600 1C was used to study its electrical properties.
3.3. Dielectric properties
Fig. 4(a) demonstrates the frequency dependence of the dielectric
constant (εr) at various temperatures. We have observed that
initially at lower frequencies the value of dielectric constant
rapidly decreases with increasing frequency and almost reaches
static values at higher frequencies at all temperatures. In general,
four types of polarizations may affect the dielectric constant of the
system under investigation [29]. Interfacial polarization is more
active below 102 Hz while Debye type orientational polarization of
dipoles exists above 104 Hz. The high frequency (≥106 Hz)
dielectric constant may be attributed to the electronic and atomic
polarization [30]. The low frequency (≤10 kHz) desperation in
Fig. 4 may be attributed to the interfacial and rotational polariza-
tion by accumulating the charge carriers in the vicinity of grain
boundaries. Moreover we call static region of dielectric constant at
higher frequencies, as the intrinsic dielectric of the system. We
believe that this intrinsic dielectric constant of the system may be
due to orientational, electronic and atomic polarization.
The temperature dependence of dielectric constant at selected
frequencies (1 kHz and 1 MHz) has been shown in Fig. 4(b). We
can observe from this plot that the dielectric constant increases
with increasing temperature. It is suggested here that thermally
activated dipoles may increase the interfacial and orientational
polarization, and hence cause an increase in the dielectric constant
of the system with temperature.
3.4. DC transport properties
Fig. 5(a) and (b) shows the IV characteristic curves of BaMnO3
pellet consisting of nanorods (sintered at 600 1C) recorded at
different temperatures ranging from 300 to 360 K and 370 to
400 K, respectively. It is clear from Fig. 5(a and b) that at all
temperatures the current vs. voltage plots are non-linear indicating
semiconductor type behavior. By increasing temperature the non-
linear behavior in IV curves is increased. This suggests that some
non-ohmic type behavior is operating in the pellet in the applied
temperature range. According to the relation I∝Vm, ln(I) vs. ln(V)
is plotted at different temperatures (not shown here). At each
temperature straight line was observed in ln(I) vs. ln(V) curves.
The value of exponent m was obtained using a linear ﬁt in ln(I) vs.
ln(V) data points. At each temperature the value of exponent m
was greater than one (1) and was found to increase with increasing
temperature which conﬁrms that some non-ohmic type conduction
is operating in our sample in the applied temperature range.
To investigate the possible operative conduction mechanism in
BaMnO3 sample the DC data were further analyzed in terms of
current density (J) as a function of the applied ﬁeld (E). From the DC
electrical analysis of materials, different types of conduction
mechanisms were considered, such as tunneling, Schottky emission,
Poole–Frenkel emission, space charge limited current (SCLC), ionic
conduction, etc. Conduction due to tunneling and Schottky emission
is called barrier or electrode limited while conduction that occurs as a
result of SCLC, Poole–Frenkel and ionic effects is named as bulk
Fig. 3 SEM micrographs of (a) BaMnO3 powder, (b) un-sintered (or Green) pellet, and pellets sintered at (c) 300 1C, (d) 600 1C, and (e) 800 1C.
K. Hayat et al.392limited conduction. To explore the possible operative conduction
mechanism the IV data recorded at different temperatures were
re-plotted in the form of ln(J) vs. E1/2 as shown in Fig. 6.
It is clear from Fig. 6 that ln(J) vs. E1/2 curves are linear at
higher ﬁelds. This type of dependence illustrates the existence of
either Schottky or Poole–Frenkel type conduction in our sample.
In case of Schottky emission electrons move from electrode to the
sample material thermionically in the presence of applied electric
ﬁeld. To maintain equipotential surfaces on the electrode, electric
charge is redistributed which results in the production of an image
ﬁeld. This image ﬁeld helps the external applied ﬁeld in lowering
the potential barrier for easy conduction [31]. However, in Poole–
Frenkel (PF) effect the height of potential barrier of the trap or
donor center is distorted and lowered by the applied external ﬁeld
followed by the emission of electrons from the traps to the
conduction band of the sample material [32,33]. As a result of
successive electron jumps between PF traps, also called the
ﬁeld assisted thermal ionization, a net current is produced for
conduction. For PF effect the equation for current density can beexpressed as [32,34]
J ¼ Joexp
βPFE1=2
kT
 
ð2Þ
where “Jo” is the pre-exponential factor also called a slowly
varying pseudo-constant, “T” is the absolute temperature and “k”
is the Boltzmann constant. βPF is the Poole–Frenkel ﬁeld lowering
coefﬁcient and it can be expressed as
βPF ¼ 2βSC ¼
e3
πεoεr
 1=2
ð3Þ
where βSC is the Schottky ﬁeld lowering coefﬁcient, “e” is the
electronic charge, εo is the permittivity of free space and εr is the
high ﬁeld dielectric constant of the material.
Temperature dependence measurements and highly symmetric
nature of ln(J) vs. E1/2 plots (as shown in Fig. 6) about the origin
suggest that PF effect is the possible operative conduction
mechanism in our material [32].
Fig. 4 Plots of εr (a) with frequency at different temperatures and
(b) with temperature at frequencies of 1 kHz and 1 MHz.
Fig. 5 IV characteristics curves of BaMnO3 pellet consisting of
nanorods at various temperatures.
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frequency of 1 MHz as shown in Fig. 4(a) was used in Eq. 3.
Theoretical value of Poole–Frenkel ﬁeld lowering coefﬁcient
βTh¼βPF¼1.71 10−5 eV m1/2 V−1/2 is determined from Eq. (3).
Also, Eq. (2) describes that a plot of ln(J) vs. E1/2 yields a slope
“m” given by
m¼ β
k
 1
T
ð4Þ
where βexp represents the experimental ﬁeld lowering coefﬁcient.
Slopes “m” were obtained from the linear ﬁt of the curves at the
linear region at high applied ﬁelds as shown in Fig. 6. To get a more
consistent value of experimental ﬁeld lowering coefﬁcient (βexp) the
values of slopes “m” were plotted against inverse of temperature.
Fig. 7 shows the plot of slope “m” vs. 1/T which is linear.
It is also clear from the ﬁgure that the value of slope “m”
increases with increasing sample temperature. This may be due to
some shift in the Fermi level of our sample [35]. Using a linear ﬁt
in the data points a slope m′ (¼β/k) was obtained. Slope m′ was
used to determine the experimental value of β which is equal to
8.28 10−5 eV m1/2 V−1/2. This shows that for BaMnO3 pellet
consisting of nanorods the experimental value of β is greater than
the expected theoretical value of ﬁeld lowering coefﬁcient by a
factor of 4.85.According to Gould et al. [34] if βexp4βTh by some factor,
localized electric ﬁelds (LEFs) may exist inside the material. The
origin of such high ﬁelds may be due to the band bending at the
electrode–sample interface as a result of different work functions
of the electrode and sample materials. These LEFs have values
greater than the mean ﬁeld (E¼V/d) and the expected expression
for the PF current density will be of the following form:
J ¼ 2JokT
αβE1=2
exp
αβE1=2
kT
! 
ð4Þ
where “α” is a dimensionless quantity representing the ratio of βexp
to βTh. In such a condition the maximum internal ﬁeld is α
2E. By
using this approach in BaMnO3 sample the internal ﬁeld increased
by a factor of α2¼ (4.85)2¼23.5. This indicates that the enhance-
ment in the values of βexp in our sample is due to the presence of
localized electric ﬁelds.4. Conclusions
Barium manganite powder was successfully synthesized using the low
temperature and atmospheric pressure composite-hydroxide mediated
method. XRD patterns reveal that both powders as well as sintered
pellet were of single phase polycrystalline material BaMnO3 (2H).
Through SEM investigation it was found that the nanorods have an
average diameter of ∼200 nm and length ranging from ∼1 to1.5 mm
Fig. 6 Plots of ln(J) as a function of E1/2 at various temperatures.
Fig. 7 Plot of slopes “m” (obtained from Fig. 6) with inverse of
temperature.
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synthesis conditions). Furthermore, it was concluded that even in the
pellet form the nanorods have retained their morphology up to 600 1C.
The dielectric study revealed that interfacial and rotational polarizations
play an important role in imparting the high dielectric constant value at
lower frequencies. At low frequencies the εr values were increased with
increasing temperature and this behavior is attributed to the thermal
activation of these polarizations. In case of DC measurements, at
various temperatures, the IV characteristic curves were found to have
non-linear behavior indicating a semiconductor behavior. Further
analysis of the DC data reveals that Poole–Frenkel mechanism is the
possible operative conduction mechanism in BaMnO3 sample. The
experimental value of ﬁeld lowering coefﬁcient (βexp) was found to be
4.85 times greater than the expected theoretical value of ﬁeld lowering
coefﬁcient (βTh), with an internal ﬁeld enhancement factor of α
2¼23.5.
We suggested that the high value of βexp is due to some localized
electric ﬁelds that exist inside the sample. This may be due to the band
bending at the electrode–sample interface as a result of different work
functions of the electrode and sample materials.
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